Background: Osteoporotic fractures are a substantial public health burden worldwide. Evidence from studies show that treatments, such as bisphosphonates, which reduce the risk of fractures when taken regularly and long term, are being used irregularly and suboptimally. The objective of this study was to quantify the additional number of hip fractures prevented by improving persistence and compliance with bisphosphonates. Methods: The study population included patients prescribed alendronate or risedronate in the UK General Practice Research Database. Individualized probabilities of fracture and death during bisphosphonate therapy and of treatment persistence and compliance were estimated by age, gender, dosage, calendar year and clinical risk factors using Cox regression. Persistence was calculated by measuring repeat prescribing and compliance by estimating the medication possession ratio. A unique patient-based decision model was then developed using these probabilities. By varying the persistence and compliance probabilities in the simulation, the fracture outcomes with different scenarios were then evaluated. The outcomes were simulated over a 4-year
Introduction
Osteoporotic fractures represent a huge public health burden, with millions of people affected around the world. 1 In recent years, various treatments have been developed to reduce the risk of fracture in patients with osteoporosis. 2 To be effective in protecting against fracture, treatments need to be taken long term. There is now evidence from several studies that persistence with osteoporosis treatment (i.e. continuation of treatment over time) is suboptimal with a substantial proportion of patients discontinuing bisphosphonate treatment within 1 year of starting. 3, 4 Patients may also take bisphosphonates at irregular intervals rather than the recommended weekly or daily regimens. 4 Compliance can be defined as the proportion of the total treatment time that is covered by the dispensed medication. It has been reported that patients with lower compliance have increased rates of fracture compared to those using it continuously. 5, 6 Bisphosphonates are the most commonly used treatments for osteoporosis and large clinical studies have shown that they reduce the risk of hip fracture. 2 Hip fractures are associated with considerable morbidity and mortality and reduced quality of life. Poor therapeutic adherence with daily bisphosphonates has been improved by the introduction of weekly regimens, although adherence levels remain suboptimal. Bis-phosphonate regimens with dosing intervals beyond a week have been developed to address this issue. 7 Ibandronate given at monthly intervals was found to reduce the risk of vertebral fractures although no effect was observed on the risk of non-vertebral fractures. 8 Recently, a large clinical study found that patients treated with zoledronate, a once-yearly bisphosphonate infusion, had a statistically significant lower risk of hip fracture as well as vertebral and non-vertebral fracture compared with patients using placebo. 9 Given the increasing availability of bisphosphonate with different dosing regimens, it is of interest to evaluate the effects of changing the dosing regimen of bisphosphonates and improving treatment persistence and compliance on the reduction of osteoporotic fractures. The objective of this study was to quantify the potential effects of improving persistence and compliance with bisphosphonates. This was done by developing a decision model that was based on actual observations in a large cohort of bisphosphonate users in actual clinical practice.
Methods

Study population
The data in this study were obtained from the General Practice Research Database (GPRD). GPRD comprises the computerized medical records maintained by general practitioners (GPs). GPs play a key role in the UK health care system, as they are responsible for primary health care and specialist referrals. Patients are semi-permanently affiliated to a practice, which centralizes the medical information from the GPs, specialist referrals and hospitalizations. The data recorded in the GPRD since 1987 include demographic information, prescription details, clinical events, preventive care provided, specialist referrals, hospital admissions and their major outcomes. 10 The study population consisted of women or men aged 18 
Overall design of the model
The decision model estimated the effects of improving persistence and compliance with bisphosphonates. The probabilities in the study population for long-term persistence (i.e. continuation of bisphosphonate treatment over time), compliance [i.e. medication possession ratio (MPR)], fracture and mortality were estimated. In order to estimate the potential impact of improving persistence and compliance, their probabilities were then varied in a simulation model. For example, the observed 3-year persistence of 35% with bisphosphonates was increased by 20-55%, resulting in a longer exposure to bisphosphonates. In order to estimate the additional number of fractures prevented due to longer exposure, we assumed that the fracture effects of bisphosphonates [i.e. the relative rates (RRs)] were similar to those observed in clinical trials. Using the clinical trial RRs, we then estimated the probabilities of fracture if the patients would have been unexposed to bisphosphonates. If the effect of a drug, i.e. the RR, is known, the underlying (unexposed) event probability can be estimated by dividing the event probability as observed in the exposed GPRD patients through the RR. As an example, if the observed event probability during exposure was 3% and the RR of drug effect was 0.6 (i.e. 40% reduction of event probability due to drug exposure), the probability during non-exposure would have been 5%. Improvements in persistence and compliance would prevent additional fractures as the time period of non-exposure would be smaller.
The probabilities for persistence, compliance, fracture and mortality were individualized, i.e. estimated by age, gender, dosage, calendar year and clinical risk factors including fracture history (at any time before the start of bisphosphonates as recorded in the records), recent use of oral glucocorticoids and number of non-bisphosphonate prescriptions in the preceding 3 months.
Probabilities of fracture or death
The model included the following seven outcomes: hip fracture, clinically symptomatic vertebral fracture, radius/ulna fracture, humerus fracture, rib/ sternum/tibia/fibula fracture and other (nonosteoporotic) fracture and death. The individual probabilities for each type of fracture or death were based on the probabilities observed in this cohort during bisphosphonate treatment estimated using Cox proportional hazards models.
Treatment persistence
The persistence of weekly/daily bisphosphonate treatment was calculated in this population by measuring repeat prescribing within the 3 months following the end of a prescription. If no prescription was given during this time-window of 3 months, the patient was considered to have stopped treatment. Using Cox proportional hazards models, these probabilities were calculated for each month of follow-up. For each set of patient characteristics, the Cox proportional hazards model allows the calculation of an individual's probability of an event (i.e. survivor function).
We also considered the effects of treatment with yearly bisphosphonates. It was assumed that treatment persisted for the 1 year following an infusion. After this, the percentage of patients that took a new infusion was similar to the persistence level at that time with weekly bisphosphonates.
Treatment compliance
In this study, we determined persistence by evaluating repeat prescribing within a 3-month period. It was found that the use of a shorter time-period substantially reduced the estimated long-term persistence, as patients frequently had gaps in their prescribing. In order to address these gaps, we also measured compliance (MPR). Compliance with bisphosphonate treatment was measured by dividing the expected duration of bisphosphonate use with all previous prescriptions (based on the number of tablets prescribed) by the time elapsed since start of bisphosphonates. Patients with 'very good' compliance (MPR >0.90) were considered the reference group. Patients with a MPR below 0.90 were categorized into tertiles. Time-dependent Cox proportional hazards models were used to estimate the RRs of fracture with each of the tertiles of lower compliance during bisphosphonate treatment. This was done for each of the six fracture types included in the model.
The analysis evaluated the effects of changing the percentage of patients in the 'very good' compliance group (with corresponding reductions in the percentages of patients with lower compliance) during bisphosphonate treatment. The fracture risks in each compliance group were multiplied by the RRs estimated in Cox proportional hazards model. In the analysis of yearly bisphosphonates, patients were considered to be in the 'very good' compliance group for 1 year after each infusion.
Efficacy of bisphosphonate treatment
It was assumed that the bisphosphonate users had experienced similar fracture reductions as those observed in clinical trials. Thus, the fracture incidence without bisphosphonate use would have been the rate observed in our study population divided by the clinical trial efficacy (RR). We used the results of a meta-analysis on the efficacy of the bisphosphonates on the risk of fractures. Data for RR in severe osteoporosis for risedronate and alendronate were used, as data were available on different fracture types. 11 The fracture efficacy estimates for these two drugs were combined, each RR estimate was weighted by the inverse of its variance. The following estimates for bisphosphonate efficacy were used: 0.58 for clinically symptomatic vertebral fractures, 0.53 for hip fractures, 0.62 for radius/ulna fractures and 0.75 for humerus fracture and rib/ sternum/tibia/fibula fractures and 1.00 for other (non-osteoporotic) fractures. 11 Following discontinuation of treatment, it was assumed that the efficacy of treatment decreased towards null in a linear manner over time. The maximum period for efficacy after treatment discontinuation was taken as the minimum of 1 year or the duration of prior treatment (e.g. the efficacy reduced towards null over 6 months after stopping treatment if a patient was previously treated for 6 months; if the patient was treated for 2 years, the offset period was 1 year). In the analysis of yearly bisphosphonates, it was assumed that their efficacy in reducing the risk of fractures was similar to that of daily/weekly bisphosphonates.
Modelling the outcomes
The study population included 44 531 patients who were prescribed either alendronate or risedronate. It was found that 58.3% of the patients continued bisphosphonate treatment for more than 1 year. Patients using weekly bisphosphonates were more likely to continue bisphosphonate treatment compared to patients using daily bisphosphonates. It was found that the majority of patients had very good compliance. Elderly patients were found to be more compliant than younger patients (72% of the patients aged 80-89 years had a MPR >0.90 and 62% of the patients aged <60 years). The RR of any fracture was 1.01 with good compliance, 1.06 with medium and 1.23 with bad compliance compared with patients with very good compliance. For hip fractures, these RRs were 1.01, 1.11 and 1.38, respectively.
Using the individual mortality, fracture, persistence and compliance probabilities, the outcomes were simulated over a 4-year period (maximum 3 years bisphosphonate use followed by maximum of 1 year of offset of the effects of bisphosphonates). In each analysis, we estimated the number of fractures prevented by bisphosphonates. The outcomes were simulated at each 28-day period, based on the standard duration of treatment following a prescription of daily or weekly bisphosphonates. The individual probabilities of fracture and mortality were adjusted in the model for increasing age and fracture occurrence. The simulations were conducted for different scenarios of treatment persistence and compliance.
From the study population, 10 000 patients were randomly sampled and their age and risk factors were used to estimate their individual probabilities for persistence, compliance, fracture and mortality. In another simulation, the levels of persistence and compliance were then modified. Each scenario of persistence and compliance was repeated 20 times using data from a different random samples of 10 000 patients from the study population. Each simulation estimated the number of fractures prevented due to bisphosphonate treatment. Using the results from all the simulations, linear regression was used to estimate the association between level of persistence or compliance and number of fractures prevented.
In order to establish an estimate of the total impact of improvements of persistence and compliance, each of the different fracture types was weighted according to the 1-year post-fracture mortality observed in the study population. Life expectancy has previously been used to standardize outcomes of different medical interventions in other studies. 12 Patients with a hip fracture had the highest 1-year mortality and, therefore, hip fracture was considered the reference fracture. For another fracture type with half the mortality as hip fracture (i.e. RR of 0.50), two events of this fracture type would be considered 'equivalent' to one hip fracture. The following weights for hip-fracture equivalents were used: clinically symptomatic vertebral fracture, 0.63; radius/ulna fracture, 0.28; humerus fracture, 0.59; rib/sternum/tibia/fibula fracture, 0.59; and other (non-osteoporotic) fracture, 0.54. In a sensitivity analysis, alternative weights for hip-fracture equivalents were used based on reported cost-equivalence (weights of 0.17, 0.14, 0.21, 0.26 and 0.04, respectively). 13 Results Table 1 shows the baseline characteristics of the study population. The mean age was 71 years and 81.6% were women. About 82% of the study population started on a weekly bisphosphonate, although this percentage varied over calendar time (due to the later market introduction of weekly bisphosphonates).
The 1-year persistence for weekly bisphosphonate in the model was 56.7% and the 3-year persistence was 35.3%. Table 1 shows the additional number of hip fractures prevented (or equivalent) with various levels of improvements in persistence and compliance with weekly bisphosphonates. An improvement of 3-year persistence by 20% (from 35.3% to 55.3%) would prevent an additional 28.7 hip fractures (or equivalent). A similar improvement in compliance resulted in fewer additional hip fractures prevented. The largest effects of persistence and compliance improvement in weekly bisphosphonate users were observed in elderly women ( Table 2) .
As shown in Table 3 , the efficacy of bisphosphonates was an important predictor of the magnitude of fracture risk reduction. A bisphosphonate that only reduced the risk of vertebral fractures and not other types of fractures would prevent fewer fractures than weekly bisphosphonates, even when it substantially improved the persistence. Table 4 shows the additional number of hip fractures prevented (or equivalent) with improvements in persistence with yearly bisphosphonate treatment (assuming equal efficacy). An additional 68.4 hip fractures (per 10 000 patients) would be prevented with yearly bisphosphonate treatments (compared to weekly bisphosphonates) if longterm persistence remained unchanged. If long-term persistence were to improve by 20%, it would prevent the occurrence of an additional 88.6 hip fractures. These effects of yearly bisphosphonates were related to both the full compliance and persistence in the 1-year following the administration. Table 5 shows the results of the sensitivity analyses. A longer offset of the effects of bisphosphonates after treatment discontinuation increased the effects of improvements in persistence.
Discussion
This study quantified the potential effects of improving persistence and compliance with the use of bisphosphonates of varying dosing frequencies.
These effects were most noticeable in elderly women. The improvement of treatment persistence and compliance was strongly related to the efficacy of bisphosphonates.
Long-term persistence to bisphosphonate therapy has been found to be suboptimal and a substantive proportion of patients take daily or weekly bisphosphonates irregularly. 3, 4 Given this lower Reference scenario is based on weekly bisphosphonates with persistence and compliance as observed in GPRD. Although these bisphosphonates may improve longterm persistence and compliance, our study found that the efficacy in the reduction of fracture risk is important, particularly that of the risk of hip fractures. A less efficacious drug may have reduced benefit on fracture risk reduction even with improved persistence and compliance.
In our study population, the long-term persistence improved with the weekly dosing regimen compared to the daily regimen and this improvement has been also reported in other studies. 3 Adherence with medical therapy for chronic disease is a complex and multifactorial problem. Many attempts have been made with interventions to improve medication adherence. A review concluded that the most effective interventions for improving adherence were often complex and also only had modest effects.
14 It would be of interest to establish whether yearly infusion with a bisphosphonate would further improve the long-term persistence of bisphosphonates. One advantage of yearly administration would be that the complete dose would be administered and that compliance would be 100% for a year. It has been reported that the risk of fracture was increased in patients who had gaps in their bisphosphonate prescribing (i.e. had lower compliance). 5, 6, 15 But further data are needed to establish whether patients will return every year for repeat infusions. Bisphosphonates need to be taken long-term in order to be effective in protecting against fracture.
The main strength of this study is that the data used by the decision model (on persistence, mortality and risk of fracture) were based on actual data observed in a large population in actual clinical practice. The data were obtained from the GPRD that has been widely used in fracture studies. [16] [17] [18] Another strength of this study is that it used individual estimates for persistence, mortality and risk of fracture, taking into account the heterogeneity in risks in actual clinical practice.
There are several limitations of this study. An important limitation of this study is that it was based on prescribing by GPs. We did not have information on the actual drug intake by patients and it was assumed that the patient had actually taken the drug following the prescription. Also, it was assumed that this efficacy of the studied bisphosphonates in actual clinical practice was similar to that observed in clinical trials. The effects of bisphosphonates may have been lower in actual clinical practice if patients did not take their medication after receiving their prescription. The consequence is that we would have over-estimated the effects on fracture of improving persistence with weekly bisphosphonates and under-estimated the differences between weekly and yearly bisphosphonate regimen. There is also limited clinical evidence for the duration of effects of bisphosphonates after treatment discontinuation. An offset period of 1 year was used, but the sensitivity analysis found that a longer offset period would increase the effects of persistence improvements. Another limitation of this study is that it was assumed that patients who have good compliance to therapy are essentially the same as those who have poor compliance (save for the level of compliance). But there may be numerous social and medical reasons for poor adherence, which may make the patient groups dissimilar. Our decision model assumed that an improvement in compliance would reduce the fracture risks in patients with low compliance, but this may be an over-estimate. Our decision model also did not consider the switching to other non-bisphosphonates treatments following treatment discontinuation. Fracture outcomes could be better if all patients would switch to another effective treatment after bisphosphonate discontinuation.
In conclusion, improvements in treatment persistence and compliance may improve the impact of bisphosphonates in reducing the risk of fractures, unless the efficacy is reduced. Yearly administration may also improve the impact on fracture risk reduction, unless long-term persistence is substantially reduced.
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